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PREFAC E

This report describes the experimental work carried out upon
refractory materials mainly chosen according to the criteria

set out in the previous report ~744/l). It was decided

to concen trate ~offorte upn the .carbides ~f. niobium .and -

tantalum and , further, to carry out some experiments on a

complex eutectic system (Nb-Mo-Ta-Al). All samples were

provided by other laboratories . The needle array format for

testing was obtained by etching back chemically the matrix

supporting the refractory fibres . The fibres were then etched

further to obtain points .

All samples were tested in a stainless steel chamber to ascertain

Fowler-Nordheim functions. Life tests at low operating

currents are beIng carried out for up to 1000 hours but are not yet
complete. P~fter testing, little damage was found to the carbide which

could be attributed to operating conditions.

The results are reviewed in terms of field emitter geometry

and thermodynamic stabilities of’ the refractory compounds .

vii 
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Pi•eviou:~ work ~t t  i~~ ue r has gi Vr fl e~.u1 ts
for t an t a lu m  ~~t”~

- j  
~~~~

, n.~ed ’1 e~~~t~’i’ •~y~ In ~ ~ ~ ~-..t ’ 1— )womi u:n

matrix. F’ow l ’ —N ordhelm p lots t~or the ~t’~dle array s indicat e

~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~ I ~ to or b~’ t t ~~~~
. than that of’ tungsten

needle flXT~~~ S.

The aim ot’ th.is z’ese~trch l~; to ~eh~’t and test metallurgical

systems with rex’raot .’ry component-a , say c~whides, for their

pot enUal  a~ cold cathode needle arrays.

A prerequisite t o  the research Is the Icoat ion of suitable

metallurgical systems with a eutecUc reac t-t on between the

refractory componen t. and a conducting metal . It Is then

~~~~~~~u’y to assess the likelihood ox ’ these systems being

sul ted to fabricaUon ox’ needle arrays by plane—front

unidirecti onal soli di fi cat-i on at prac U cal temperature

gradien ts and scltJif’ioat i on rates to give a rod-like

morphology .

A literature search has been under t-&cen under the headings

1. Phase equilibria
~~~. Unidirectional solidification

~~. Physical properties of’ refractory compounds .
4. Field emission .
To simplify the ioice ox’ systems the search was restricted

to alloy s containing one or more of the non-metallic elements

carbon , boron or ni trogen and to  the transit-ion metallic

elements from Groups IVA, VA and VIA and to rhenium (Group V IXA):

WA VA VIA VIIA

!I’i V Cr -

Nb Mo -

h f  Ta W Re

1
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Most of these are ~oiova’~ to form very high-melting carbides,

borides and nitrides. Furthermore, recen t research has uncovered
numerous cases of eutectic equilibria in which these refractory

compounds are components.

Intermetallic phases have been disregarded , partly in consequence
of their relatively low melt ing points but also because they are

expected to be inferior to the refractory compounds in their

stability to ion damage especially at, a pressure of , say , ~~~ torr.

Choice criteria for the properties of needles and matrix are:

Needles
1. Melting point over 2000°C.

2. Low vapour pressure.

3. I-u gh strength, i . e .  stiffness.

4. Low sputter yield, i.e. resistant to Ion damage .

5. Electrically conducting - need not be metallic.

0. Chemi cally inert (permi tting selective
etching of matrix).

7. Low work function .
Matrix
1. Melting point over 800°C.

2. Low vapour pressure at ~-.500°C

3. Amenable to selective etching.

1.1. Cold Cathodes : previous work

The advantages of’ operating field emission cold cathodes In

place of conventional thermal cathodes have been discussed extensively

by Charbonnier et al. in l963~~
’
~ . Recently, Considine and Balsiger(2)

have summarised the advantages of using field emission sources in

high density small diameter electron beams . S1~elton and Wardly~
4
~

have outlined other applications for cathodes of this type . It Is

not in tended to discuss in detai l the relevant properties of these

cathodes but the maj or advantages may be summarised as:

2
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~ 1) A ~
‘
~~‘ Id cath¼\te oe~~ - o  I ~~~~~~ Ir e  ~ he~ I or Ic  e~ t t

eO I r~-~~ ; and t erefore th~ :~~:~oc .ited tut’e ¶ec nolog~y ~‘an b~

~; t m ~~ I f i e l d .

~.‘) ~~ at ’sen ce ~‘x ’ :~ h&’%t 0 ’  .~ V ( ’~ I I ~tn ‘.~~~~~. I at’ I • r~ I :: a I :

the It ~~ç ’ j *’ I :ty ~~~‘~~tin I ere~I ~Inr ng ~w I I ~~~~~
- ,~ t ci’ ;t I ~ ~‘t’~ ~t ~ :~th *\Ic’ . 

‘

• f’al ~n’e ~tt:(’ Ic he.i I c t ’  lnI~ — “U I I ~‘re~ en I

I •
‘
~~~~‘ :( ‘~~~an I 1 roi ’¼L~ ta~e~~ ci’ tlt~ catjt~~Ie I I

The ~‘~‘g ’ o ~ i~ the  ~%e~ 1 ‘~~i~ t ci’ cold  ‘at ~~dr~ ~~ been I t~tt I

however ~~~~. ~~~ .,.
~ ~~~~

. t a I :~ v at  a1.’ o x’cr ~~~ I ~‘ ~~~~~ ra5’ I ~re i’t’~’ ~ I

work I has c~~~~~ t t.ra ted ~~ ~ ng n~ o~ ~u; U~ ’ e:~I t I i  tg ~t e

~ or po int ) bo Ut a~. a ~u 1 U — ~ ‘ In  ;u’ray or :t~ a ~! t z c r c ’ it’ I ~‘ ~‘o t n t

emit ter of th e  t~ ~‘e u~ e~i in e oc t~rc~ I ~~~~~~~~~~~~~~~~~ ansi ~~‘.‘tk’ ~i~t a ..I I ~~~~‘

tubes . The l i mi t  at.Ion w i t h  tungsten h owever had I’~’en the ‘e..i fo r
5) $

an u 1 tra hi gh  vacuum on vi  rc~ ~~‘n I . typical y ~‘ I crr • n

for ex~~p 1 • to reduce ~~~~~~ b~ I s’fl t ’:~ ti ’~~\t~$e~\ t . Hoc ott I a I t  enpi

¼ 1-  to tt~~~ s’ a~’t~~~ t’ t ~~~~ s’ a tve no I t ’oen very  • 
~~~~~~

due to the ‘ t to t  ~o ’ ~.enerate~I by the i’ I l’ e. How ever • work In .T .~ ’an
¼’~ ~ at that  a ng I e fabri oat e~t ~‘c t n t  of U I~~t t n~ t art’ Ide

‘rkz ~at .t t~t’ac t o r t  ly at ~‘t ’ ro~ ci’ 1~~~c’ to rt ’ • and thi t’~~~~urc’

t ’ t ~~— ’  t we 1. wi thin tite ‘i i  t~t t~ of curren I I .tb ’ I c ’s’i’~I1s’ 5’g~’ . A

is i r Ih er advan t age ci’ beIng  able t O ‘o ra t e  ~utde: ’ a poot~ ’r vacuwu

I in the area 01’ ole5’ troi~ :~t ~‘ . Here ~‘ 5’urre: t t prac U cc’

i s  to  use a t t u tg t ~ ten et:~t t Icr ‘era t ng at ~~~~~~~ orr w~ oh re~ n I

an expensive dl i’f’~’rent-t ally ~“.tt ~ped tt l  t.ra h Igh  vacuu~t ~~~~
-

Matert al s wttt oh have r’~’e’~ t~i oa t~ I ~~~ to  I hc~e of 1.1 tan I

c&rbtde t- ’r ‘ore a~~’ear t o  ha~ c’ p ot e nt _ t a t  a~ ~ tng1 .e  ~‘c tn t

em.1 tters ~Itd as ‘cad ‘~~~ ‘t’~ ~~~ In dry I s’O~~ operat~ing  at

higher Pcwt’r.

~~ At 1..ra.’ I I y e ~‘o t h ~\1 of pr~\it:5 ’ tng 11.1 — ~‘c In I :trr~ v 01’ I’ I no ~‘o t n t

~‘o ten I I a I 
~~~~ 

u~ ef ~. I for o eo t.:’on 1.’ :t~’;’ I ~‘:t t t  cnt~ • I by the

di rc’c tI ona 1 so it ~t I f i s’a 1.1 on 01’ ~ U I :ti’ Ic ’ ~ U t~~ ’ I t o  a 10)5.

— ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~
- - - _- _
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development of’ directionally solidified eutectie alloys has

expanded considerably over recen t years to ~‘rc5hzce m : t t o n l a l s  for

use in high-temperature ga~ ~~rb1ncs~ f t i~ se .mjiter ia1~~, p r i n c i p a l l y

refractory metal carbides, have been studied extensively to

produce composites of hI~~i strength and corrosion resistance

suitable for use as turbine blades . Examinati on ci’ some of th o~ o

alloys has revealed interesting structures which clearly lend

themselves to fabrication of cold cathodes needle arrays .

1.2. Present Position

At present very little work is being undertaken on field

emission cold cathodes. A limited examinati on of the devices

was made by Baker~
6

~ and I.Aea (10) using carbon fibres . Ferranti

Limi ted have examined carbon fibres for use in an onisnion modulated

amplifier, and Fu lmer has made a small number of ‘first attempt ’

eutectic cathodes for evaluation in this devIce.

In the US work is being carried out using dl rec t I ,all y so 11_t I ~‘ led

eutectics at the Georgia Institute of Tectsiclcgy - where curren t
densities of 0.5 A/cm2 at voltages between ~~ to ~~ kV hav e been

obtain ed from tungsten needles in W/tJO., and W~ Zi’O ,~ ccnposl.tes .

In life tests, 3,000 hours of operati on at 100 mA/em2 has been

obtained and the ability of these materials to withstand pulsed

operations up to 100 kV has been demonstrated ~~~~~~~~ Further work

in the US using oriented tungsten needles has been concen trated
‘II ’ ( u’)at Linfield Research Insti tute’ / and at the Oregon ~raduate Cent-re

and the field emission of electrons from Mo cones produced by vacuum

deposi tion has been studied by Spindt at Stanford

Materials development work on the producti on ci’ directionally

solidified eutectics for aircraft turbine blades has revealed

an interesting series of alloys. These are basical ly a series

of refractory carbide fibres, e.g. NbC and TaC which are grown

in an electrically conducting metal matrix such as Co, Ni, or Cr.

These fibres are typically 1 - 2 microns in diameter and can be

4

-_ _ . - - - ‘ ~~~~~ _~~~~~ -~~~~-- -
~~~~~~~~~~



pointed to enhance the fit’ Id enlsslon. M el t ing

points  in excess of 2, 000°C can be

~chic ’v~ s1 in th~~ o : t t e r l a l s  iU~d the s~’Iittci’ y I e l d  Is l ow .

These mat  en als should t~t ene :c rt ’ be ~~per j  ~~~ ~ s’ I ht’ I ~ I

based ~‘ TosI tes and ~~05 5t’s5 r !~0~’e t’t.i c ’S \‘rr )’ 5! :d lan Ic  thost’

of U t.tn ium carbide .

Pro I in m ary resul ts  ott the en! I on pnc: ’ot ’ t I e s  wore ol’ t i_I ned

at F’u m e n on the di nec 1,1 on.tI ly soI l  dl i ’ lCd t’tZ t O O t  Ic  j ’,tC fabt ’i  I

in t o  a c a th~\.1e arpo xl tnit t ely I ::~ it 1 : d l  ~utit ’ t en t o  _te:: :ot :st :‘a to the
fe a si b i lI t y .  A current of ~ mA at an ext i ’ ct t o n  vo l t age  ot i~ kV

was ~‘b t a I nod I ~“i gure 1 ‘) in a sea ed ‘~‘:‘i’ t e st  ~i! ode

1. . Select! ott of Matex ’ials

The 11 t ez’atur e survey c ~u’t’i ed cu t at  U :e o .trly st  ages 01’ U: is

pr oj e ct  R ’44 , ’ 1 , ref . l~ was concentrated , at  fIr s t  inst  ance. u~’ot: the

rt’t ’rac to ry earbides, horides and t 1  t x~1des. A review 01’ t i te  ~‘I:ysi .~al

~‘t ’opet’ tIes of these r e t r a c  tori “s , t’ .tso.I on the I vans! t Ion not al

f z’cn ~~i’cUp~5 IVA , Va, :tt i d VIA , Showed tha t  11tU~:e1’~’it ~ SOIt d !d~t t o nt t or i  a

were to be found w~ i eb net 5::U1Y of t he ::in!must nec • renen c:’ Li

nol  t ing  ~‘~~lt i t  . low vapour pressure , low e!co n ioa  i t ’s! st~1 v! ty

(not n000ss:u’i ly  n e ta l  U c con5iuct u~ce ), e tc .  1 — ~~ 2 ~~. ‘ht ’ ~‘:~u~’ I

~~~~~~~ er , t’ Ic Id em! ssion work function , is not .  we1. .1 — ,1o5’unen 1051 and in

con setluence, the wide choice of c and! da te  mat  cr1 a s I l i st  ed in

Tables I - ~ of ret ’. 1-t I had to he r~vi~wt’d by means of

addi t-ional or I ten a based in }uicwn phase e~lui 11 hi’! a ‘an I_ t!  ne5’ .1 an -t

so lId if icat ion  and upon tiiermcdyn ami c tabilities~ l’Lc h l n a ’y
O arbtdt’s and borides were frequently to be found !fl one ct more

O U t O s ’ t l O  equi l ibr ia  in I-hei r x ’espective binary phase diagrams whi l e

nothing is known ci’ the nI t:! dt’i~ l’ahies ~~ 
— L~ ref . 14) . ~~~~~~ l�u’t ’e n’e many

tern ary and higher systems In which the binary t-’ori5ie~ and canI.’i_ t ’s

crystalli:e by euteetic reactions - i.e. pseudo-t-’in:u’y ~y~ t~:~:s

(Tables t’ and , r et’ . I ~ 
‘) fl:e’ lii tt’I~at 1.’!’t’ on unidi t ’ec t I ona I so’. i_ti fi cat  ion

is now suff ic ient ly  oo ’rehensi ye to show th a t  the cut-oct l~’ 1’ in u ’y,
ternary and higher sy ~ems of the c~u’hides tuid, 

po ssIb ly .  l’.’r Ides are amonat’

to unid i rec t ional  so l id ifi cat i on gl~’ing the r o d — l I k e  morph ology

S

I ,. 
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requisite for needle arrays in cold cathodes (Tables 9 - 11).

The carbides of Nb, Ta and V are examples.

Very little useful information on the phase constitution of the

nitrides has been f ound (see Table 8, ref. l~4).

The properties of’ the matrix are less critical - preferential

etching being one of the more important - and this allows a wide

range of systems. The final choices were made from the following H
classes of system :

Binary eutectic - C M’ - B

Ternary eutec tic M ’ - - C M’ - M” - B
(pseudo-binary)

~~atern ary eutectlc M’ - - M” - C M’ - - - B
Here M ’ is a metal from our list of transition metals and forms a
binary boride or carbide, while M” and M ’” may be chosen from a
wider range of metals. In the binary compounds it frequently

happens that M’ forms more than one compound with boron or carbon

and that the stability of the compound increases with increasing
non-metal content, e.g.

M ’
2X<M

’X<M’X2
For directional solidification in a binary system the eutectic

equilibrium must be between the parent metal, M’, and the refractory
component. Since the least stable compound M’

2X tends to be in

equilibrium with M ’, such binary systems are less suitable than

pseudo-binary systems between the more stable M’X or M ’X2 and M”.

Hence M’ - - X compounds appear more promi sing provided eutectic

equilibri a of the following type can be found :
Liquid 2 M” (solid) + M ’X (solid).

Literature on unidirectional solidification has many examples of this

type of equilibrium, wherein the refractory component has the

rod-like morphology suitable for fabrication of needle arrays. ( see ref .l4).

Further criteria of selecti on have been developed In the literature

surve y which are based on thermodynamic data. A ranking order of

6

_______ — 
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the carbidea and boridea has been foi..a~d by t abu l a t ing  I I to  m et a l  lie

rca.’ U on pressures at- some c osen t.e:n erat.ure . Aocoi’dl ng Ic  titi a

t abu I a tJ en , her (den azitt o arbt des are roughly ~~ npai ’ab I e’ In a tabi I I (-y

but the t’erttlc’a are not auf’fi ci en t i y well docunien ted for dat-al l ed

ocmp~n ’t son . 1tiia oaj’bldes may be ranked In St -f lIt  1.1 t.y an Fe l lows :

~ ~‘rt’ — NbC — itf~’ “. ri c —
~ V(’

NI tt ’btes are foun d to  have too high re.io U cii pressure and when thi  rt

in  taken I n t o  accoun t bog-ether wIth the patio I t-y ot ’ tnt ’crmatt  on
CIII phase equilibria and cUte:’ alter t.centinga , they ai’e excluded from

cons tdei’at. [on .

The Final short . it at of’ cand [dat-a mat-en ~.ia is pro cited In the

fet towing order

1 . Nh I 44b NbC C. ’: NbC ~4 I : NbC/( Co • Cr, Ni

TaC Co Tat’ Nt : TaC t, Cc , Ci’ , Ni ‘I

lift ’ t~ I Iliu l , /Cr Pafl , ‘Cr

I I Is not  y e t . Known I t ’ nut  t a t ’  1~’ on t oe  t i c  equi l ibr ia  ext a I In t -

KXl’KRlMi~~’rAt. M flP .,M’lS

I . Ca tii.~~Lt’ )“ al ’nt eat-I cit

Tii~’ Idea l  reqti I reman t- ci ’ a I’ [ci d enti an! on ~nU t ~~ie I a 811 array or

are a ci ’ eqi: I apa. ’od pctn In of uni t’orm he! gltt above a surface ffltt hnvl  n~,

a tin t form t i p  ra.t I us .  Vu th in  nutnner nit  app liød f t  old across each

ot’ the point  a will be tin t Form ~fltI hence an e I~c t.ron ourren t can
he ext.:’ncte~t from each po In t

WIth o dl no.’ t I ‘‘nal iy sd I_ t I ft ed attic.’ tic at  t ’tic tune , the I_teal

tin t form ! I y In never nob I e~’e.I the I ’ I t ’ros vary In dl amet t~i~ and I he

5~ at ’ I it ~u; ho twooi t  I a’ I’ I t ’roa are ’ ltt ’t 0Oils t-811 t . ik’Wt ’~’et’ , t u e  1 argo

num ber ot ’ I’ I l ’n, ’ a preaci t t en at tros t h at  ts -’m.’ I’ I bros expo:’ I once a

stit ’t’t ~~ b i t  t ly h I g h  ft ol.l .‘ .‘auae 0 i l ’~’ I ron emission . fltt a hI git 1.1 p u

a pi ’. ’tt t iO ~~.t by et t i t t ’ i ’  t .it ~ I I p ra.t I us he t ug  very ama I I ci’ . al t erna ti ~‘e I y.

the nepa: ’attcn ci’ tita t’i bi’ea 14’tilg I iu’gc ci’ a cemb!1101t.Ioit ci’ t ii~~~~

two gi’cine t-i’.I c o I ’ f ’e~’ I a . l\’ t o r t  ot’a t .I cit ci ’ cite of t l tp  I I  l’res l’y I cit
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bombardment, or another process, causing emission to stop, and a

change in its physical shape, results in an increased field being

generated on an adjacen t fibre. The principle of fabrication of

the emitter is to etch back chemically the matrix supportin g the
fibres and then by using a further etchant to remove material from

the fibres to produce pointed ends . Sizes of’ the individual cathodes

are given later.

2.2. Test Chamber

The vacuum test chamber used f or evaluating the eutectic cathode

is shown in Figures (2) and (3) . The stainless steel chamber was pumped

using a polyphenol ether based oil diffusion system f  or the evaluation

of test cathodes. M electron bombardment filamen t was operated prior

to the cathode test, to increase the temperature of the cathode to
500°C and complete the outgassing of the cathode. The specimen support

arm could be moved vertically from outside the chamber and hence change

the anode/cathode separation during a cathode test if required. A

Brandenburg high voltage D.C. power supply of 10 kV, 10 mA with 0.05% ripple
at full output was used for the tests and the diode current measured

using a Keithley Electrometer connected to the copper anode .

2.3. Materials

The eutectic samples tested to date have been received fr om the

sources listed below; sizes of the specimens tested are given later .

The alloys listed below are nominal compositions but have not yet been

analysed, with the exception of A77 - 205.
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1. “2i ~ lC 1” s ’XR - t ’ .~~~ x I C  C ‘ \ ‘ ‘ -a
• — — - 

~~ 

- - - 
1”

t~’Leta ’ 1” I n  the t i e l d  a t t a a i ~~t ,!i in V c a

~ I a t.Is ’ work f tu i c t .I Oil ci ’ h i p  cat i i sa5h ’  i i i  eV , t y ‘~ iuid V i, 
~
‘ ‘1

a r t ’ I i t a t  1st ed ~~
‘ a I s  w l v  V ary tug ftU~5’ i t  ciii; of ’ y ~~. 

\i x I C  ‘

The a 1 
~
‘
~~
‘,‘ ci’ I.! ~t ’ Fow .1 t ’t ’ — N ~ i’diit’ tnt  i, F—N ‘! ‘qt i~t 1101 1 1 a

~~ i~~~ 1C ~1 1.” ) .‘ .~~~~~ x ~~
d( I F ’)

where ~ t, y Ii; a t at ’u I a t  s’d fui i~’ t.1 cii ot’ y . As th e  app 1.1 t’d I ’ l e l  d 1.’

I i ;  d t t ’ s’~’ t ly  pi’ ’’p. ’rt 1~’int 1 to t.h~ app 1 J c’d v o l t  ago i , \ ’  ‘1 ~l s t ’ n !’~ the

~ eciii ’ t i ’\’ iUi t j  t h e  t~’’i’k t’t f l l~,’ t,i ct i c i’ the  ~‘a 1.h. ’ds ’ .t~’.’a not  ~‘i’ ;in~~ ’ . In i ’  in~’.

I ,- -n I t ”  ~~ • a p~ ~ t of og I V \ Vel ’ a t t 5  IV i i  I ’t’Os iUco a - I n s t  i t

I lilt’ ia’o~’ 1d ‘~l I’ I old owl 1 s ’s .1 t -hi t ’  .1~ a~1 ii a t i t  s’hlru ’ge c iii’nI ot’ :U l_ t

t.li:i t np: i s ’o s ’hat’ge * s t s ’ ’i; not -  OOs ’t t l ’ ‘ t ’ltt ’ 1’p~-;tt i t  a are p l o t  I t’d an

Fow l et’ -N ci ’dhet m t’tui~’t-Ictia ot ’ log 1 I \ ‘  :i~ni I m ist . I \‘ .

~~•~~~~ • ~ : v ’ - ~ M a t s ’,’i :1 1 (A - , ‘C’~

T hi s  n~ ’t’~’ 1 11a’ti tot ; ; :111 C. ;~ ~‘m ,j I a ! n e t e t ’  c v l  i i i , i ~’i’ cr1~” a t , ’,; a ’’

that- t h e  i’,t ~’s ’ ci t h e  cy t . t i is t t ’ i ’  ha ;; j’ , l t ’ .i  I I~’ 1 t , ’ thit ’ s’s ’p~ ’pi’ ~U is\Io.

~ p ;ts ’e chiu’ge ci ’ t oo  I s  arc ;t ~~~co [at  psi W I thi eit ’~’ tj ’otis lii t .itt’

Itt I ens ’ I s ’~’ t .i ’5 ’511 ’ apace, whil cit at- hIgh vo l. t mtt ’ tli’ti~~t I t s ’s et ’t ’i ’c I ; ;

the s t .nti~’ turo ci’ i- hi’ e xt  onTi:i 1 t ’I e hi , changing t h e  e l e ct  t ’.’ti path .
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The st i ’s. ’ t un e  .‘t ’ the 5 ’;jthode i~; shown in Fl ~,i r n , -s (4 ) and (“ )

bt’t’ore test n~ . l i i i’ at  r ’u~’ t ;rro ;cwn In F! ui ’t’ ( ‘  ‘I is au area ci’

the c’athctie at the co: :;p l ‘,‘tiun of t h e  t o a t  1’IU IS .

Thi s t ~~~ t 1 ant  eu a tota l ci ’ ‘*) ii.  ‘w’;~ WI a’s run at  varyl ng em! an 1- -n

aurt’eui t up to tu e  OnSt’ t ci’ arcing. Fi gure ( 1  ) nhow~ an area or
’

the cat.l iode wh ere ;u’~’!uig has occ urred l’s I t i c  ~vci ’al 1 det -eriot ’,it .i cii

in the pert’onnian c’e ci’ t h e  cathod e wits , 1PI’ itt ’ s ’S I t ’.’su i t i n g  i’i’Oln the

arc ins .

The Fowler-N ordhoim (F-N ) plot-s for this coinposi t ion are shown In

FIgure (8 )  at two anode to cathode separation s ci’ C.5 tutd l.C an.

The maximum curren t obtained was 2 .5 x 10~~ A, corresponding to a

current density of 5.2 x 10 A em - at an extract-Ion vol tage  ot ’ ICky .

~~~. 
‘, Tantalum Carbide

This specimen was machined to a righ t ,‘ircui ;u ’ cylinder 1 mm
in diamcteu’ prior to  etching of the matrix to s ’xpOst ’ the fibt ’es . It
proved Impossible to maintath the cyl indrical  geome try during the

etching which result-ed in the specimen becoming OclIt ’ shaped at the end

as shown lii FIgure (9). This specimen shape was f.tnaliy tested

but the overall emi tting iu’ea was d i f f i cu l t  to e st i m a te .  After_ 5 ’ )
testing, an emi tting area of ~2 . ~~ x 10 t’m~ was measured from the

scanning elec tron microscopy cxaminat .i on . Thi s area could be In
error since it was not possible to  [‘p certain ot ’ the exact emi t ting

area.

The F-N plots for this cathode are shown in Figure i,10) at an ode-to-
cathode sep:irations of’ 1 and 2.2 mm . Marked deviation from the
lineat’ F-N plot occurs at b o t h  scpat’at.is’tis showing that probable

space charge eft’ects are starting when 1t~ is approximately 44~
Figures (1 1. ) and (12 ) show the fibres l’et ’cnc testing in the cathode.

I
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The deterioration of the fibres is shown In Figure 1) where
the apparen t melting of the f’ibi’e ends has occurred , producing

a dome. It is not possible to decide at thIs stage however, if

the domes at the ends of the t’ih res are caused by the melting of
the fibres of if they are associated wit-h high voltage arcing .
The maximum current obtained was 8 x 10 A at 10 kV corresponding

to a curren t density of ~1 Acm ~
‘ assuming an emit t ing ai’ea of

-5 ,

~2 .5t~i x 10 - cm”.

~ k. Niobium Carbide

The niobium carbide material was squ are-shaped approximately
1.7 x 1.7 nm. I)n’ing the etching of this material
t.he s~ uax’e geometry was mainta ined . The fibres proved
Impossible - to etch to fine points and were even tually tested as
shown in Figures (1k)  and i,15) . The cathodes operated sa t i s fac tor i ly

producing the F—N p l o t  in F! gui ’e i, it ’  ‘~ . F.xamina lion ci’ the cathode after
test-lug for 54) hours has shown ito siguiflcant deterioration of the

cath ode . The only areas s ’f damage are small regi ons whiex ’e an at’,,’
has s’ccurt ’ed removing the I’ibres.

The maxi mum curren t obtained was ~.mc x l0~~A and corresponded to a

curren t density of 1.3 x 10 ‘A cm ‘
. For this test however an

t’xtt’action voltage of only ‘ky was used since it was t ’cqulrt ’d to
avoid damage to the array so that. a l i fe  test could he made to  the
cathode. This test Is currently underway .

4. D1SCUSSI~W

4 . 1 .  Thermodynamic Stabilities

These have been referred to In the Introduction and In the
pt ’evions report i, ref . 14) and are based on ret’s. 1’ and 21.

Sl uice the work of assessing reac tion pressures was comp leted

further studies, carried out on our behalt’ by Di’s. T. ~i .  Char t

and T. I .  Parr y (22 \ , have extended and confirmed our l’irst

cottc lu;; Ions. Fot’ convenience when comparing our result a wi Iii

I I  ~czae of the N PT, some s ’t ’ t h e mat erial from the previous report

is reproduced here .
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The figures indicate that if , as seems to be the case, 3000K is
on the high side then decomposi tion will be very low at normal
operating temperatiu’e~u which may be below 1000°C.

Good agreemen t between NP L and FRI figures can be seen where
comparisons are possible, for example :

TABLE 2 1’T1’AL REACTI(~ PRESSURES OF SEI,EC’I’ED CARI3IDES, ACCORDING

TO REACTI(~’I 4.

Candidate Material Log~~ (React i on Pr essure ) of
Metal , M ’ , at 3000K, in atmospheres.

(14) (22 ’h
FRI NFL

TaC -8.77 -5.8
-t ,.28

NbC -o.OO -7.0
-5. ”4 -

TIC -3. ’&’t -3.5
‘IC -2.88 -

A comparison has been made of WC and TaC according to the second
reacti on for oarbides which postulates the participation of’ Ta.~C
or W2C in the decomposition reaction. The results are presented
In terms of the reac ti on pressure of gaseou s carbon in equation 5.

TABLE) CARB(~~ REACTIC~ PRESSURES OF T1Th CARBIDES OF Ta AND W
ACCORDING TO REACTI(~ 5

Carbide Log10 (Reacti on Pressure ) of Carbon, C3, atmospheres

1000K 2000K 3000K
TaC -44.1 -17.2 -5.7

-37.8 -12.8 -7.9
(at 2500K ’)

(If the expression is in terms of C (mcmatomic ) it would be
reali st.t c f or the low pressure oondi ii ons ; the oono lual ons
are unaffected , however).
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Comparison of these data with the previous table shows that for
‘1’at~,’ the reaction pressure of L’~~(g) is abou t equal to that of’
T*(g) i.e. congruen t evaporation is to be e,xpec t.e.t.
P\~r ~~ * tendency to decompos, to the sub-carb ide is indicat ed
by the somewhat higher r aoti on pressures of carb on . The comparison
has not been extended to other ~‘arWde s but , at th.t~ point , Agreemen t
between FRt and NF L assessments or stabi li ty is gouxl .

4.1..?. E~ ri tes
Reactions poatilated by the NFL for borhies were as follows :

ML%~(c)  .‘ M(g ) + 2B(o)

~ 3M(g) + B(g ) 7
Calculati ons for th . fir st reac tion may be expressed in terms

of the met al  reaction pressure.

TAP~LE 4 M~ FAL REAC-rI ctJ PRESSURES ~~~~~RIr ’ES~ ACC0RNTh~ TO REACTh’t~ C’

Group Doride Log~~ (Reaction Pressure
) of metal, M, atmospheres

1000K
IVA -~~.?. ‘ -

- 40. ~
Itr~ —4l.~

) —11..?

VA vtt2 -C’).O -io.4

NWI2 -4~ .1 ~~~~~
Ta}3~ -41.0

VIA Crfl., -17.5 -

?or the second reaction the boron gas reaction pressures are
as follows :

TABlE ,~~ ~~ RCt4 REACTICZ~ ffiES~VRE5 OF BORIrES, ACCORDING TO REACTICt’~ 7
Group 1~ ride Log10 (Reac tion Pressure) boron gas, atmospheres

1000K Y0Ci~ 3000K
IVA T1B2 -\‘.1 -10.0 4.5’

4.4 .
Rt R. —li. ’

VA VB~ -27.1 - 9. ’
Nb~~ -.~$. ‘ — 10. 3 -4.4 ’

- 0.6 .15.

VIA Cr~~ -24 . ’ - 5..?
‘Not valid above the mel ting point of’ the metal du. to
variable ~‘omposi tins in resulting liquid phase.
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The preferential vaporisation of boron in Zr, Hf and for Nb,
Ta borides indicates that reac ti -’n 2, i .e .  fo rmati on of sub -b-~~ide~
is a contingency which should be allowed for.

~.1.3. Nitrides

Calculations for the nitrides a-300rdlng to the t’~~ Ic’wi :ig

reaction

2MmN 2mM + N2 (g)  8

have yielded high reaction pressures for nitrogen gas .

TABLE 6 NITROG~~ REACI’ION PRESSURES OF NITRIDES, ACCORDING TO RFAC~~ 0 NS

Group Ni tride Log10 (Reacti on Pressure ) of N2gas , atmospheres

1000K 2000K 3000K

IVA TiN -25.3 -7.8 -1.7

ZrN -28.3 -9.~
HfN -29.5 ~10. .

VA Nb2N -lt~.4 -3.5k -

Ta2N -19.8 ~b.14 -2.3

*Values from data extrapolated beyond range of reliabili~ y .

The values are very high compared with those for borides and carbi~ cs

and confirm the decision not to consider nitrides further as

candidate materials.

Thermodynamic criteria of stability can provide, at best, only a

partial guide to the response of refractory needle arrays to

temperature/pressure conditions. They serve to isolate those

compounds which are most likely to give long operating lifetimes

but cannot give information on sputtering response, while the

influcxice of physical properties such as the work function is

still a matter for experiment. The short list of compounds given

earlier represents a group of materials desi~~ ed f or test our - -

working assumptions and is not a final short list of proven co pou~d~~.
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t c~t to  dd t c h t v  t ~n ’OV.\ i  ~ucc  ~~~nt ’n I d ~ t ’ t o he

~ I:~.i~ t od ~mnoun t ct ‘x ‘on I -~ ‘~-u :-  ~~~-‘ .11 n e d .

~~
. ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ L V~’I~~ti

Spu t t or ~~ t ’ I  ~r~td m t t on I n c Live ~ m
ci t e~’ I Ur 011 ~U 1 OUt ‘. 1 .  ~~~, but ny n  t c::~~ t a t  a In j v a I Ic .

For ci enc ts the nr t I or y S e 1 d mu idor I c~ ii c 1 -cnb trdnen t is re at ni
to the heat of  sub m a t  Ion and ‘not ’ to  the vat ~our -en~ w’e 

- 
.

The inference is t L m t  elements sul t ab le  I’ov fi  int ent s have l~ w
v mpour pressures ~uid , by the nx~ic token , cc pomu ’~ds w i t h  I oi~ ~1ec’~’~ n cni  t on
(.1 - e. e t i  on ) pressures ~-1 ton d be prime candidates. Th Is
consls te i-m t  wit .h the role of tungsten as a thermion: c and f ield
eni t t e r .  Similarly It  has been est-ahli5hed that D ’C and 1 m b  are

U’

bo th superior to tn~ m~:n te rm In stabili ty t o  i on I c  bc u ’dnet it  when

emitt Ing In the Viehl mode ~ 
-

i’ox . fu~’ther- I n I ion or sputterIng ~~~ roe ret ’s. \~ and 1

~ . 4. ~ ai’I~ on of ~1ateria1s.

Detailed comparison of the results from the inat -erl ds tes t ed - 

-

so far is not possible at- this stage. The rclat . iveLy poor

performance of the A ’i  — 20h material does, however . ~ivo a st-ar tdii~
poin t . It is e or Lbe ~l as nominally y ( -y  ‘ — ~ - I . e. t l ’c— l n m s e .

O~ 
ti cal ml croso opi cal ex uiiinat.ion sUo cee’d~d in reve.t. in~.’: on y tw o

whl ~h for med a typically en t o o tic m orphology w i t h  dar k t ’1 bros or

I c  1 Lie in a ‘~1~ h t nat -i ’ x. The Ident -~ t.y of the’ two p ares I n n  I

rcnc wha t e uncertain and micrcp: ’obe analysis c i t e d  on y Li am

the t r a  t-i’I ~ It ; nicke l —rich w~ ;I. le the fibres tire mc~ y t\1e ’imum— rI oh .

17
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The di stribution of the remaining elements Ta and Al between

matrix and fibres is rou~~ly equal . Pre vious work on the phase

equilibria and unidirectional solidification in the Ni-M o-Al
system (33) descr ibes the growth of ~ (Mo ) rectangular fibres in
a y ’ (NI

3
A 1) matri x while the ~ -phaae (Ni) ,  instead of being

randomly distributed between fibres and matrix appears to develop

a preferred orientation with y ’. The phase diagram is still
controversial ( see ref . 33, p.2080) but it has been sho~~i (34 )

that Ni 3
A1 dissolves only a very little Mo at 1150°C which is

consistent with a pseu odo-binary liquidus between the two
components.

It has been f ound that the current density of the A77 - 205 material

is poor compared with TaC and NbC and this may be accounted I’ or by the

irregulari ty of the fibre aligiments (Figure 5). More importan t ,

the erosion fo the fibres (Figure 6) exceeds anything found for the

refractor y compounds~ an observation consistent with the expectation

(Secti on 1, page 6) that metal lic phases, even those based on high-

melting elements like molybdenum, are unlikely to compete with

bori des or carb ides in resistance to ion dama ge .

18 
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Figure 5. A-77-205 y ’y ‘or (NI Mo Ta Al) bef ore testing x 10K
C4499
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Figure c. A- (7-205 ~y/y ’-~ (Ni Mo Ta Al)  af ter testing x 10K
c4848

Figure 7. A-77-205 y~
y ’ -a (Ni Mo Ta Al) af ter testing showing x 2K

area of arcing
C4847 R744/2
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cathode separations shown.

a-

- A —- ~~~~~~~~~~~~~~~~~~ 
_

_~~~~~ _~~~~ _~~~~
_ _ 

~~~~~~~~~~~~~~~~~~ — -~~~- ~~~~~~~~~~~ -—a -



______ -~~~----

Figure 11. TaC cathode before testing x 2K
C3912 ~~

- 
-

L

~-I

t - I 
-

~~~

I

’

I

FIgure 12. TaC cathode before testing x lOX
C3913 - -

29 R744/2 V



-- — 

—_ —__. —————— —

‘. r k  ~~~t C ~:- • ( ‘
~~~~ 

•~~~V~~_ - .

ç . ~~~

I

-
S

f i g ure 1~ . Nt~’ ~~~~~~~~~~~~~~ ~~~~~~~ t’~~ t t n ~~. x

}-~
•
~4.. .‘

— 4 -- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



-

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

I

Ii

‘~-‘t .~~a~
• t ’ ~- 

i-’ . ~~~~ S~~~~~~~~~ S \ ’  ~ ‘~ ‘ S”’ & ’ ¶ ( ‘~- t  ~~~~~~ ‘ .
, 
.‘~~“

~IIIL ~~~~ 
. 4 

,. 
—------- -- -- -~ 



-- - —v —-—-- - _
~
____ ----__--,_ _ ------ -

-10

“S. Separation 1•Omm-11 - N
‘N•N

—12 —

a

N S

>
‘-4

0

0
-J

-13 —

S

-14 -

—15 I I I
1 2 3 4 5

xlO 4

Figure 16 Fow ler — Nordhe im plot for NbC cathode at t he anode to cat hode
separation shown .

32

____ —~~~ --—~~~~~ —-



- e.~e e~~~~e e e ~e~ ~e ~~~~ ~~~~~~~~~~

MISSION
of

Rcnne Air Develop ment Center
RADC ptana and ~xtcwte4 ‘te,~ca-t th , d~vth ’~p .nent, -tc .~t znd
~1~cted qu~.4i2eLo~t ~togkam.6 tn .suppo.tt ~~ Command , Cont~ c’~Coni~u~u ca..t2op t~ and I n~ttL~~~n~~ (C 31} ~~~~~~~~~ TccIt , u~at
and ~~~ ~tcc~~ng .suppo-t.t tu~th-ôt a~.tta..s o~ -t Izn~c.at~ ~~m~~tc ,tcc ~
~i..a p ’tov~ided -to ESV P-to~tam 0~~Lae-o ( P0.6 ) and o thet ESV L
c~ tmtgt4 . TIu~ p’I.’..nCA.paL tc~hn~~tu m- .4.6~.on a~tca.6 a~c
communLtzat on,s , eL~ct~~~a~ c~ tic ~u~rd anc.~ ~‘nd cont~~& .su~-o~ g-~tound and aeito.6pac~ o b q &~ct4 , ~nt~~~~~ ’c ~ data 

-

L cctt~~ t e n  and kand.Unq, ~üt~okmc..t.4on 5y4-t~m tn~L~~u,
~~ ~ono.6phe,t-~c p~topaga.t ~on , 4ot-~d 4 ta5tc~ .~&tnCt4 , m~c/to ~awc

phy~~c.~ ..tnd ectton.tc ‘t~~~abL&ty, ma~tn vtnab-t Utu ~znd
~ompo2~bULty.

S

Print,4 by
U&,.d St.,.; A ir F.rc.
H.nscom AF$, Mass. 01731

— —-

~~~~~~

- 1 F
- - - - - - - -


